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Nrf2-deficient female mice develop lupus-like autoimmune ne- a heterodimer of p45 and MafK, one of the small Maf
phritis. family proteins [3, 4], and these proteins dimerize through
Background. NF-E2–related factor 2 (Nrf2) is a basic leucine the leucine zipper domain [3–5]. NF-E2 p45, Nrf2/ECHzipper transcriptional activator essential for the coordinate tran-
[1, 2], Nrf1/LCR-F1/TCF11 [6–8], and the Bach familyscriptional induction of antioxidant enzymes and phase II drug
proteins [9] share the conserved b-Zip structure origi-metabolizing enzymes through the antioxidant response element/
electrophile response element. The Nrf2-deficient mice were nally identified in the Drosophila cap’n’collar (CNC) pro-
found to develop normally under standard laboratory condi- tein and have been grouped together as the CNC family
tions. However, upon closer examination, we found that aged proteins [10]. Of these CNC family proteins, Nrf2 is essen-
female Nrf2-deficient mice displayed a shortened lifespan and
tial for the coordinate induction of a group of drug metab-developed severe glomerulonephritis. The present study inves-
olizing enzymes and antioxidant enzymes via the anti-tigated the glomerulonephritis findings in Nrf2-deficient mice.
Methods. To evaluate glomerular lesions of Nrf2-deficient oxidant response element (ARE)/electrophile response
mice, histological and functional analyses were performed. The element (EpRE) [11, 12]. The ARE/EpRE sequence
amounts of serum immunoglobulins, anti-double-stranded (ds) (RTGACNNNGC) has been identified within the proxi-
DNA antibody, and lipid peroxidation using thiobarbituric acid mal regulatory sequences of genes encoding glutathionereactive substances (TBARS) also were measured.
S-transferase (GST) [13], NAD(P)H quinone oxidoreduc-Results. Nrf2-deficient female mice over 60 weeks of age
tase (NQO1) [14], and antioxidant genes such as hemedeveloped severe nephritis characterized by cellular prolifera-
tion, lobular formation, crescent formation, and subepithelial oxygenase-1 (HO-1) [15] and -glutamylcysteine synthe-
electron-dense deposits. In immunofluorescent assays, Nrf2- tase [16]. These enzymes are well known as key players
deficient female mice showed mesangial deposits and massive in the metabolism of chemical reagents. In addition, thegranular deposits of IgG, IgM, and C3 along the capillary walls.
ARE also regulates a wide range of metabolic responsesHigher serum levels of IgG, anti-dsDNA antibody, lower creat-
to oxidative stress from, for example, electrophiles andinine clearance, and slight splenomegaly also were found in
Nrf2-deficient female mice. A higher concentration of TBARS reactive oxygen species (ROS) [12, 15, 16]. Importantly,
also was found in Nrf2-deficient female mice. ROS are considered potential participants in the patho-
Conclusions. These data indicate that the aged Nrf2-defi- genesis of lupus nephritis [reviewed in 17]. ROS play a
cient female mice develop lupus-like autoimmune nephritis
role in acute and chronic cell injury, including peroxida-and suggest that nrf2 is one of the genes determining suscepti-
tion of cell membranes, cross-linking of intracellular pro-bility to autoimmune disease. Analysis of nephritis in the Nrf2-
deficient female mouse may clarify the mechanisms leading to teins, and damage to DNA [18]. These destructive mate-
the development of lupus disease. rials are considered to promote the immunologic reactions
in lupus disease [19].
Although the development of the Nrf2-deficient
Nrf2 (NF-E2–related factor 2) was isolated as a NF-E2 (nrf2/) mice is normal [11, 20], the induction of a range
(nuclear factor erythroid 2) site-binding basic leucine of detoxification enzymes was largely impaired in the liver
zipper (b-Zip) transcriptional activator [1, 2]. NF-E2 is and intestine of the nrf2 / mice when fed a diet con-
taining butylated hydroxyanisole, a known inducer of
detoxification enzymes [11]. In addition, Chan and Kan
1 See Editorial by Byrd and Thomas, p. 1606. recently demonstrated that nrf2/mice were sensitive
to the antioxidant butylated hydroxytoluene [21]. TheseKey words: oxidative stress, transcriptional activator, antioxidant en-
zymes, cell injury, autoimmune disease. and other accumulating results suggest that Nrf2 deficient
mice may be more susceptible to disease development. 2001 by the International Society of Nephrology
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Our current study examined the survival rate and the
incidence of diseases in aged nrf2 / mice and found
that old nrf2 / female mice displayed a shortened
lifespan and developed lupus-like nephritis, character-
ized by cellular proliferation, lobular formation, crescent
formation, and subepithelial electron dense deposits.
While a number of lupus models have been established
and mouse strains, such as NZB/NZW F1 [22, 23], MRL/ Fig. 1. Semiquantitative analysis of glomerular lesions of nrf2 /,
nrf2 / and nrf2 / mice. The degree of severity was estimated onlpr [24], and BXSB/Yaa [24], have been extensively stud-
a 0 to 3 scale. The index of glomerular lesion was calculated using theied with respect to disease pathogenesis, linkage of nrf2 following formula. Index of glomerular lesion  (n0  0)  (n1  1) 
gene with any of these lupus strains has not been described (n2  2)  (n3  3) / n (n  20).
previously. We report here that the nrf2 / female
mouse is a potential novel murine model for lupus-like
autoimmune nephritis. The results also suggest that the
Urinary protein examination and measurement of
nrf2 is a possible candidate gene in determining suscepti-
creatinine clearance
bility to autoimmune diseases.
The urine of each mouse was collected in an individual
metabolic cage over a 24-hour period from 25- and 60-
METHODS week-old mice. The amount of proteinuria was assessed
by measuring the turbidity obtained with 3% sulphosali-Generation of nrf2 mutant mice
cylic acid. Protein values more than 2 mg/24 h wereThe generation of nrf2 / mice was previously de-
considered abnormal. The concentrations of serum andscribed [11]. The present study utilized mice from the
urinary creatinine were measured by an automated ana-same litters with an ICR background. MRL/Mp-lpr/lpr
lyzer for routine laboratory tests (SYNCHRON CX3;(MRL/lpr) mice were obtained from SLC (Japan). Mice
Beckman Coulter, Inc., CA, USA).were maintained in the Laboratory Animal Research
Center. All experiments were performed according to Measurement of serum immunoglobulin
the Guide for the Care and Use of Laboratory Animals
Total serum immunoglobulin was determined by en-in University of Tsukuba.
zyme-linked immunosorbent assay (ELISA). Nunc-Immu-
noplates (Nunc A/S, Roskilde, Denmark) were coated withHistopathological analysis of renal tissues
goat anti-mouse immunoglobulin (ICN Pharmaceuticals,
Each mouse was bled while under ether anesthesia. Inc.). The plates were kept at room temperature for one
Sera were stored at 80C until use. At autopsy, organs hour and were then washed with 0.1 mol/L phosphate-
were fixed with 10% formalin in 0.01 mol/L phosphate buffered saline (PBS). After washing, the plates were
buffer (pH 7.2) and embedded in paraffin. Sections (3 blocked with 0.5% bovine serum albumin (BSA) in a
	m) were stained with hematoxylin-eosin, periodic-acid PBS solution. Serial dilutions of test serum samples were
Schiff or Masson’s trichrome staining for histopathologi- applied and incubated at room temperature for one hour.
cal examination under light microscopy. For semiquanti- After washing with PBS, the plates were treated with alka-
tative histological analysis, more than 20 glomeruli from line phosphatase conjugated goat anti-mouse IgM or IgG
each kidney section were examined. The degree of glo- (Sigma Chemical Co., St. Louis, MO, USA) at room tem-
merular lesion was estimated using a 0 to 3 scale based perature for one hour. After additional washes, alkaline
on the severity and extent of histopathological changes, phosphatase substrate (Sigma) solution was added and
as described previously (Fig. 1) [25, 26]. The index of allowed to develop. Absorption at 405 nm was measured
glomerular lesion is the mean value of the more than 20 with an immuno-plate reader (BenchMark; Bio-Rad, Her-
glomeruli observed. Sections frozen for immunofluores- cules, CA, USA).
cent analysis were stained using fluorescein isothiocya-
Anti-double-stranded (ds) DNA antibody assaynate (FITC)-labeled anti-mouse IgG, IgM, IgA, and C3
(ICN Pharmaceuticals, Inc., Aurora, OH, USA). Tissues The titer of anti-dsDNA antibody in sera was deter-
for electron microscopy were fixed immediately upon pro- mined by ELISA as previously described [25]. Nunc-Immu-
curement in 3% glutaraldehyde followed by postfixation noplates were coated with protamine sulfate (Sigma), and
in 1% osmic acid. After fixation, tissues were dehydrated then a solution of dsDNA was added to these plates. The
with graded alcohol and then embedded in Epon. Ultra- dsDNA was prepared from calf thymus DNA treated
thin sections were double stained with uranyl acetate and with S1 nuclease (Sigma) to eliminate single strand (ss)
lead citrate and examined using a JEM-100CX electron DNA according to the published method [27]. The plates
were kept at 4C overnight and then washed with PBS.microscope.
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Afterward, the plates were blocked with 0.5% BSA in phase. Twenty-five-week-old mice were used in the mea-
surement of TBARS.PBS solution. Serial dilutions of test serum samples were
added and incubated at room temperature for one hour.
Statistical analysisAfter washing with PBS, the plate was treated with alka-
line phosphatase conjugated goat anti-mouse IgG (Sigma) Results were expressed as means 
 SEM. Multiple
data comparisons were performed using the one-wayand processed as described previously in this article. The
titer of anti-dsDNA antibodies in pooled sera from four analysis of variance (ANOVA) routinely with the Bon-
ferroni correction. Significant differences between the30-week-old MRL/lpr female mice was set at 100 units.
groups of mice were analyzed using the Wilcoxon test
Detection of antinuclear antibodies by for paired samples, and P values less than 0.05 were con-
immunofluorescence microscopy sidered statistically significant. Comparisons of survival
rate were done by the Kaplan-Meier method, with differ-A drop of whole blood from a 60-week-old nrf2 /
or nrf2/ female mouse was spread (2 to 3 mm diame- ences in survival curves evaluated by log rank sum testing.
ter) onto a pre-cleaned glass slide, fixed with 100% etha-
nol at 4C for five minutes and then air dried. The slides
RESULTS
were washed three times with PBS and then incubated
Survival rate and histological analysisovernight with 50 	L 10% serum from either a nrf2/
or nrf2 / female mouse. The slides were washed with The nrf2 / mice developed normally under stan-
dard laboratory conditions [11]. However, upon closerPBS (0.1 mol/L), stained with FITC-labeled anti-mouse
IgG, and examined under fluorescence microscopy. examination, female nrf2 / mice displayed a short-
ened lifespan (Fig. 2) and developed severe glomerulo-
Fluorescence-activated cell sorter (FACS) analysis nephritis (Fig. 3). All nrf2 / female mice were dead
within 100 weeks under our laboratory conditions. A sig-Single-cell suspensions were prepared from each mouse
spleen and blocked with anti-FcR antibody (2.4G2) for nificant difference was seen in the survival rate between
nrf2 / and nrf2 / female mice (P  0.05; Fig. 2B).10 minutes on ice to inhibit the interaction of staining
reagents with cell surface. Multicolor flow cytometry anal- Severe glomerular lesions were found in 60-week-old
nrf2 / female mice (Fig. 3A). The average of indicesysis was performed using FACS-Vantage and Cellquest
software (Becton Dickinson, Franklin Lakes, NJ, USA) of glomerular lesions, as described in the Methods sec-
tion [25, 26], in 60-week-old nrf2 / and nrf2 /on viable cells as determined by forward light scatter
intensity and propidium iodide exclusion. The following female mice were 0.89 
 0.13 and 1.93 
 0.21, respec-
tively (P  0.05). Since the mean index of glomerularphycoerythrin (PE), FITC or biotin-labeled monoclonal
antibodies were used: anti-CD19-PE, anti-B220-PE, anti- lesion of nrf2 / male mice was 0.53 
 0.09 at 60
weeks, which also was significantly lower than nrf2 /CD3-FITC, anti-CD4-FITC, and anti-CD8-biotin (BD
PharMingen, San Diego, CA, USA). Allophycocyanin female mice (P  0.001), severe nephritis was detected
only in nrf2 / female mice.labeled streptavidin was used for triple-color analysis.
Features observed in glomeruli of nrf2 / female
Measurement of TBARS in subcutaneous fat tissue mice are shown in Figure 3, panels B to E. Renal sections
from a 50-week-old female nrf2/mouse stained withLipid peroxidation in subcutaneous fat tissue was mea-
sured using a minor modification of the thiobarbituric periodic-acid Schiff reaction showed glomeruli with
moderate mesangial proliferation with cellular crescentsacid reactive substances (TBARS) method described
previously [28]. In brief, samples were homogenized in (Fig. 3B). Renal sections from a 60-week-old nrf2 /
female mouse displayed a lobular formation and moder-nine times of their sample weight of 1.15% potassium
chloride solution. To 0.2 mL of this homogenate, 0.1 mL ate to severe cellular proliferation (Fig. 3C). A glomeru-
lus with cellular proliferation and segmental sclerosis8.1% SDS, 0.75 mL 20% acetic acid solution (pH 3.5),
and 0.75 mL 0.8% aqueous solution of thiobarbiturate with a circumferential fibrocellular crescent and a col-
lapsed glomerulus are seen in Figure 3D. Occasionallywere added. To avoid auto-oxidation at a high tempera-
ture, all samples contained butylated hydroxytoluene in severe nephritis, interstitial inflammation also was evi-
dent (Fig. 3E). Detailed analysis revealed that the major-(BHT; 10 	g of BHT per 1 g of sample). The mixture
was made up to 2.0 mL with distilled water, homoge- ity of these cells were lymphocytes and macrophages.
On the other hand, lymphoadenopathy was rarely ob-nized, and heated in a water bath at 95C for 60 minutes.
After cooling, 2.5 mL of n-butanol and pyridine (15:1 v/v) served in these mice. Renal sections from the 60-week-
old nrf2 / mouse did not show any of these featuresand 0.5 mL distilled water were added to the sample,
which was centrifuged at 3000 rpm (RFC 1580  g) for (Fig. 3F). These pathologic features show high similarity
to severe lupus nephritis.15 minutes. The TBARS were measured by following the
increase in absorption at 535 nm in the butanol/pyridine Although IgG and IgM deposits were observed by
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female Nrf2-deficient mice was significantly lower as
compared with that of wild type female or heterozygous
mice at 60 weeks old (2.68 
 0.28 	L/min/g body weight
vs. 4.72 
 0.53 	L/min/g body weight or 4.26 
 0.67 	L/
min/g body weight, P  0.005 or P  0.05; Fig. 5). These
results are in good agreement with the results obtained
from histological analysis. The urinary protein content of
female mice also was determined. In 25-week-old female
nrf2/ (N 10), nrf2/ (N 5) and nrf2/ (N
10) mice, the mean urinary protein levels were 1.1 

0.2 mg/day, 1.2 
 0.1 mg/day and 1.2 
 0.2 mg/day,
respectively. On the other hand, the mean urinary pro-
tein levels of female nrf2 / (N  19), nrf2 / (N 
7) and nrf2 / (N 13) mice over 60 weeks were 2.1

0.5, 1.5 
 0.3, and 1.5 
 0.3 mg/day, respectively. The
mean urinary protein levels of female nrf2 / mice
were higher than that of nrf2 /, but not significantly.
In the male mice, extremely high levels of urinary protein
was observed most probably as a result of semen, since
our method is not specific for the detection of serum
albumin (data not shown). Evident hematuria was not
diagnosed in old female Nrf2-deficient mice.
Serum immunoglobulin
Since the histological analyses in the previous section
indicated abnormal accumulation of immunoglobulins
in the glomeruli, we measured the serum concentrations
of these immunoglobulins. Serum IgM and IgG concen-
trations in 25-week- and 60-week-old mice were deter-
mined by ELISA. There were no significant differences
in serum IgM levels between the nrf2/ and nrf2/
mice at either time point (Fig. 6A). There also were noFig. 2. Survival rates of nrf2 /, nrf2 / and nrf2 / male (A)
significant differences in serum IgG levels between theand female (B) mice. Survival rates of nrf2 / (; N  5 male and
10 female), nrf2 / (; N  5 male and 12 female) and / (; N  nrf2 / female mice and nrf2 / female mice at 25
14 male and 13 female) mice using Kaplan-Meier analysis. There is a weeks of age. In contrast, at 60 weeks of age, the serumsignificant difference in survival rate between nrf2 / and nrf2 /
IgG level of nrf2/ female mice was much higher thanfemale mice, with P  0.05.
that of the age-matched nrf2/ female mice (Fig. 6B).
Serum IgG levels of 60-week-old nrf2/ and nrf2/
mice were 1610.4 
 394.1 mg/dL and 4358.4 
 673.7immunofluorescence staining in the mesangial regions
mg/dL, respectively (P  0.001). The serum IgG levelsof both aged nrf2 / (Fig. 4 B, D) and nrf2 / (Fig.
of 10-week-old and 30-week-old MRL/lpr mice also were4 A, C) female mice, prominent granular deposits of IgG
measured. Serum IgG levels of 10- and 30-week-oldand IgM along the capillary walls of glomeruli were seen
MRL/lpr mice were 3234.8 
 635.1 and 7827.0 
 2264.3only in the nrf2/mouse (Fig. 4 B, D). IgA was faintly
mg/dL, respectively; 60-week-old nrf2 / female micedetectable along the capillary walls in the nrf2/mice
displayed higher levels of serum IgG relative to 10-week-(data not shown). C3 deposits along the capillary walls
old MRL/lpr mice, but the difference was not statisticallywere present only in the nrf2/mouse (Fig. 4F). While
significant.massive electron-dense deposits in the subendothelial
area were detected both in the nrf2 / (Fig. 4H) and
Anti-dsDNA and anti-nuclear antibodiesnrf2 / female mice (Fig. 4G), subepithelial electron-
The levels of anti-dsDNA antibodies in the sera ofdense deposits (shown by asterisks in Fig. 4H) were
25- and 60-week-old mice were then investigated usingobserved only in the nrf2 / female mouse.
ELISA. The level of anti-dsDNA antibody in 60-week-
Creatinine clearance and urinary protein old nrf2 / female mice was significantly higher than
that in 60-week-old nrf2 / female mice (P  0.05;A comparison of the creatinine clearance (CCr) values
between young and old mice was performed. CCr of the Fig. 6C). We also tested for the presence of anti-nuclear
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Fig. 3. Glomerular lesions in nrf2 / mice. (A) Index of glomerular lesion in nrf2 / mice ( ), nrf2 / mice ( ) and nrf2 / mice ()
at 25 weeks and 60 weeks of age (m, male; f, female; N, number). Each bar represents the index of the glomerular lesion (Methods section) of
the mean 
 SEM. Comparison was done between the same group. An asterisk indicates significant difference, *P  0.05, between nrf2 / and
nrf2 / or nrf2 / 60-week-old female mice. (B) Renal section from a 50-week-old nrf2 / mouse stained with periodic-acid Schiff reaction
(400). (C and D) Renal sections from 60-week-old nrf2 / mice stained with periodic acid Schiff reaction (400). (E) Masson’s trichrome
staining showing completely sclerosed glomeruli surrounded by infiltrated inflammatory lymphocytes (100). (F) Renal section from a 60-week-
old nrf2 / mouse as a control stained with periodic-acid Schiff reaction (400).
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Fig. 4. Immunofluorescent and electron microscopic analysis. Immunofluorescent staining of IgG (A and B), IgM (C and D) and C3 (E and F )
in 60-week-old nrf2 / (A, C and E) and nrf2 / (B, D and F) mice (400). Note mesangial deposits and massive granular deposits of IgG
(B), IgM (D) and C3 (F) along the capillary walls in the nrf2 / female mouse. (G) Subendothelial electron dense deposits in a glomerulus of
60-week-old nrf2 / female mouse (3500). (H ) Subepithelial (*) and subendothelial deposits in a glomerulus of a 60-week-old nrf2 / female
mouse (3500).
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Fig. 5. Creatinine clearance in nrf2/ (), nrf2/ ( ) and nrf2/
() mice. Creatinine clearance was determined in at 25 weeks and 60
weeks of age (N, number). Each bar represents the mean 
 SEM. Com-
parison was done between the same group. An asterisk indicates signifi-
cant difference, P  0.05 or P  0.001 between nrf2 / and nrf2 /
or nrf2 / 60-week-old female mice.
antibody in the nrf2 / female mice. Surprisingly, sera
from nrf2 / female mice showed strong anti-nuclear
immunoreactivity in autologous nucleated hematopoi-
etic cells of the nrf2 / and the nrf2 / mice (Fig.
7B: nrf2 / female mouse serum on nrf2 / mouse
smear). Since the anti-nuclear antibody was not detected
on the smear of the nrf2 / mice and the nrf2 /
mice with nrf2/mouse sera (Fig. 7A: nrf2/ female
mouse serum on nrf2 / female mouse smear), these
results unequivocally demonstrated the presence of im-
munologic disturbance in the nrf2 / female mice.
Spleen weight to body weight ratio
Since all murine lupus models are known to develop
remarkable splenomegaly, we determined the spleen
weight of nrf2/mice. There was no significant differ-
ence between nrf2 / (0.35 
 0.05%, N  8), nrf2/
(0.27 
 0.02%, N  7), and nrf2 / (0.26 
 0.04%,
N  11) male mice, for mice over 50 weeks of age. How-
ever, there was an increase in the spleen weight to body
Fig. 6. Serum immunoglobulin levels [serum IgM (A) and serum IgGweight ratios between nrf2 / female mice (0.87 

(B)] and anti-dsDNA antibody (C ). Serum immunoglobulin levels and0.10%, N  24) as compared with nrf2 / (0.75 

anti-dsDNA antibody were determined in nrf2/mice (), nrf2/
0.19%, N 12) and nrf2/ female mice (0.46
 0.07%, mice ( ), nrf2 / mice () and MRL/lpr mice ( ) at 25 weeks and
60 weeks of age (N, number). Each bar represents the mean 
 SEM.N  14). Thus, the ratio in nrf2 / female mice was
The titer of anti-dsDNA antibodies in pooled sera from four 30-week-
significantly higher than that of the nrf2/ female mice old MRL/lpr female mice was set at 100 units. Comparison was done
between the same group. An asterisk in panel B indicates the signifi-(P 0.005). Histological analysis revealed hyperplasia of
cance between 60-week-old nrf2 / and nrf2 / female mice (P the spleen germinal center in nrf2 / mice, probably 0.001) and in (C) the significance between 60-week-old nrf2 / and
arising form a hyperactivation of the immune system. nrf2 / female mice (P  0.05).
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Table 1. Lymphocytes subsets in nrf2 /
and nrf2 / mouse spleens
Lymphocyte subsets nrf2 / nrf2 /
CD19CD3 49.4
2.6 45.7
4.1
CD19-CD3 18.2
0.2 11.8
1.8a
CD4-CD8 81.6
1.4 86.0
2.2
CD4CD8 0.2
0.1 0.3
0.1
CD4CD8 13.6
1.4 8.5
1.1a
CD4-CD8 4.5
2.1 5.2
2.1
CD4-CD8-B220 42.0
3.1 41.8
2.8
Sixty-week-old nrf2 / (N  4) and nrf2 / (N  4) female mice were
used for the analysis. Results are expressed as the mean percentages 
 SEM of
values.
aP  0.05 nrf2 / vs. nrf2 /
Fig. 7. Anti-nuclear antibodies as detected by immunofluorescent
staining. (B) nrf2 / female mouse sera on nrf2 / female mouse
smear shows immunoreactivity to the blood cell nuclei, but not nrf2/
female mouse sera on nrf2 / female mouse smear (A) (400).
Spleen lymphocytes subset
To identify the subset of spleen cell population that
had expanded in the older female nrf2 / mice, we
performed FACS analysis using spleen cells harvested
from 60-week-old nrf2 / and nrf2 / female mice
(Table 1). The female nrf2 / mice had significantly
Fig. 8. Lipid peroxidation in subcutaneous fat tissue. Comparison offewer CD19-CD3 cells and CD4CD8- T cells than fe- lipid peroxides in subcutaneous fat tissue as measured by TBARS for
male nrf2 /mice. The CD19-CD3 T cell in nrf2/ nrf2 / (), nrf2 / ( ), and nrf2 / () mice. The number of
animals is in parentheses. Each bar represents the mean 
 SEM. Anmice was 18.2 
 0.2%, while that in nrf2 / was 11.8

asterisk shows that the TBARS level of nrf2 / female mice was1.8% of total splenic cells. Similarly, the percentages of higher than those of nrf2 / female mice and nrf2 / female mice
CD4CD8- T cell in the nrf2 / and nrf2 / mice (P  0.05). There is a significant difference between nrf2 / female
mice and nrf2 / male mice (P  0.05).were 13.6 
 1.4% and 8.5 
 1.1%, respectively. While
the CD4-CD8- cell count appeared to be increased in
nrf2 / mice, the increase was not statistically signifi-
cant. DISCUSSION
This study showed that nrf2 homozygous mutant fe-
Lipid peroxidation male mice developed nephritis that shared several key
We then performed TBARS analyses to examine lipid features with human lupus nephritis. Cellular prolifera-
peroxidation as an index of oxidative stress. The TBARS tion, lobular formation, crescent formation, and intersti-
level in nrf2/ female mice was higher than that seen in tial inflammation were found in the female nrf2 /
nrf2/ female mice, nrf2/ female mice and nrf2/ mice. Abundant granular deposits of immune complex
male mice (P  0.05 in all cases)(Fig. 8). These data along the capillary walls, anti-dsDNA antibodies, anti-
indicate that the nrf2/ female mice were more sensi- nuclear antibodies and slight splenomegaly also were
observed in the female nrf2 / mice. These data thustive to oxidative stress.
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indicate that the nrf2 / female mouse serves as a [19]. An elevated level of lipid peroxidation is a good
potential novel murine model for lupus-like autoimmune indicator of oxidative stress [reviewed in 35], and our
nephritis and suggest that nrf2 is one of the genes de- study found that the level of lipid peroxidation was
termining susceptibility to autoimmune disease. higher in Nrf2-deficient female mice than that in their
Nrf2 is the key player in the coordinate induction of wild-type cohort. Our results suggest that the nrf2 /
drug metabolizing enzymes and antioxidant enzymes, female mice suffer oxidative stress and that oxidative
including GST family proteins (Ya, Yb, and Yp classes) stress is responsible, at least in part, for the acceleration
[11]. The latter proteins are phase II detoxifying enzymes of autoimmune abnormalities.
that catalyze metabolic detoxification of xenobiotics [29], It must be noted that although nephritis was occasion-
and as such, they protect cells from electrophiles, which ally observed in the old male nrf2 / mice, severe
are byproducts of oxidative degradation of lipids and lupus-like autoimmune nephritis was detected only in
DNA [30]. It has been reported that there is a significant the female nrf2 / mice. It is well known that severity
linkage between homozygosity of some GST family genes of nephritis is sex-dependent in murine lupus models,
and incidence of lupus syndrome [31]. Ollier et al sug- such as the MRL/lpr mice [24] and NZB/NZW F1 mice
gested a correlation between homozygosity of GSTM1- [36]. Female susceptibility to human SLE and modula-
null alleles and Ro/La autoantibody production in tion of the expression of autoimmunity in human by sex
systemic lupus erythematosus (SLE) patients. The homo- hormones are also well established [37].
zygosity of GSTM1 mutant appeared to increase the se- The genetic background of mice is an important factor
verity of inflammatory processes mediated by ROS. These in the establishment of diseases. While the ICR strain was
observations support the notion that the failure to induce used in this study, we observed nephritis, albeit less severe,
GST family proteins is one of the precipitating causes in Nrf2-deficient mice of Balb/c genetic background
of autoimmune diseases. (data not shown). Nearly 1/3 of ICR strain mice were
The ARE/EpRE has been identified within the regula- reported to develop glomerular lesions [38]. While our
tory regions of the genes encoding HO-1 [15], GST [13], study detected glomerular lesions in the older nrf2 /
NQO1 [14] and -glutamylcysteine synthetase [16]; all female mice, the lesions were not as severe as that seen
of these genes are regulated by Nrf2 [11, 32, 33]. Interest- in the nrf2/ female mice. Importantly, severe nephri-
ingly, homozygous ho-1 gene knockout mouse was re- tis was observed in the elder female nrf2 / group.
ported to develop glomerulonephritis [34], and ho-1/ These results suggest that the nrf2 gene deficiency exag-
mice are known to display severe iron accumulation in gerated the nephritis intrinsic in the ICR strain.
the liver and kidney. The accumulated iron should result Several murine strains, such as the MRL/lpr [24] and
in oxidative damage of macromolecules and consequently
the BXSB/Yaa mice [25], rapidly develop an autoim-
lead to tissue injury and chronic inflammation [34]. Thus,
mune syndrome resembling human SLE. These strainsglomerulonephritis in ho-1/mice may be attributable
have autoimmune acceleration genes. lpr is the mutatedto the iron toxicity and/or deposition of immune com-
version of the fas gene [39], which mediates apoptosisplexes. It was reported that a 75-week-old HO-1 deficient
of cells [40]. It has been suggested that imperfect Fas-mouse displayed severe glomerulonephritis with mem-
mediated apoptosis is one mode of pathogenesis for mu-branous proliferation, lobular formation, crescent forma-
rine SLE [41]. The male BXSB/Yaa strain spontaneouslytion and sclerosis. Nrf2-deficient and HO-1–deficient
develops an autoimmune syndrome, and like the lpr gene,mice develop similar glomerular lesions. We measured
the Yaa gene is responsible for the acceleration of auto-the level of HO-1 protein in peritoneal macrophages
immune abnormalities [reviewed in 42]. In contrast tofrom Nrf2-deficient mice [32]. Although the basal level
these preceding mouse models, nephritis in Nrf2-deficientof HO-1 in the homozygous mice was similar to that of nrf2
mice develops only in aged female mice. The results pre-heterozygous mice, the induction of HO-1 by different
sented in this study thus indicate that nrf2 may be a keyelectrophilic agents was markedly suppressed in nrf2 ho-
gene in determining susceptibility to autoimmune diseases,mozygous mutant mice. According to these observations,
but nrf2 may not be an accelerating gene of autoimmunewe speculate that the decrease of HO-1 induction may
diseases. It would be interesting to test whether lpr orbe one of the reasons for the pathogenesis of lupus-like
Yaa and nrf2 mutations exhibit any synergistic effects.glomerulonephritis in the nrf2 / female mice.
The human nrf2 gene maps to chromosome 2q31 [43]Because the ARE/EpRE is responsive to oxidative
and chromosomes 2q21-33 and 2q32 have been identifiedstress [13], we suggest that ROS might be an important
as the potential SLE loci [44, 45]. Further studies to defineetiological agent in the pathogenesis of nephritis in the
the role of Nrf2 in lupus nephritis may clarify the mecha-Nrf2-deficient mice. Indeed, ROS are considered to play
nisms responsible for the development of this disease,a prominent role in the pathogenesis of lupus nephritis
thereby facilitating the discovery of more specific thera-[reviewed in 17]. ROS seem to amplify the immunologic
reactions that promote tissue destruction in lupus disease pies to prevent the progression of lupus nephritis.
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